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SUMMARY 
The i n f l u e n c e  o f  va ry ing  the  content o f  Co, C r ,  Mo, Ta, and A1 I n  a se r ies  
o f  c a s t  Ni-base y/y' supera l loys  on t h e  behavior o f  a lumin ide  coat ings  was 
s tud ied  i n  burner r i g  c y c l i c  ox ida t i on  t e s t s  a t  1100 O C .  The a l l o y s  had nomi- 
n a l l y  f i x e d  l e v e l s  o f  T i ,  W, Cb, Z r ,  c, and 8.  The a l l o y  composit ions were 
based on a f u l l  2 5 - f r a c t i o n a l  s t a t i s t i c a l  design supplemented by 10 s t a r  
p o i n t  a l l o y s  and a center  p o i n t  a l l o y .  This  f u l l  c e n t r a l  composite design o f  
43 a l l o y s  p l u s  two a d d i t i o n a l  a l l o y s  w i t h  extreme A1 l e v e l s  al lowed a complete 
second degree e s t i m a t i n g  equat ion t o  be de r i ved  f rom t h e  5-composlt lonal v a r i -  
ables.  The weight change/time data f o r  t h e  coated samples f i t t e d  w e l l  t o  the  
0 p a r a l i n e a r  o x i d a t i o n  model and enabled a mod i f i ed  o x i d a t i o n  a t t a c k  parameter, 
w I K A  t o  be de r i ved  t o  rank t h e  a l l o y s  and l o g  KA t o  be used as t h e  dependent 
v a r i a b l e  i n  the  es t ima t ing  equat ion t o  determine t h e  o x i d a t i o n  res i s tance  o f  
t h e  c o a t i n g  as a f u n c t i o n  o f  t h e  under ly ing  a l l o y  conten t .  The most p r o t e c t i v e  
a lumin ide  coat ings  a r e  associated w i t h  t h e  h ighes t  p o s s i b l e  base a l l o y  contents 
o f  C r  and A1 and a t  a 4 percent  l a  l e v e l .  The Mo and Co e f f e c t s  i n t e r a c t  bu t  
a t  f i x e d  l e v e l s  o f  0, 5 o r  10 percent Co a 4 percent  Mo l e v e l  i s  optimum. 
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INTRODUCT I O N  
The e f f e c t  o f  composi t ional  changes i n  Ni-base y/y '  supera l loys  on the  
behavi'or o f  a lumin ide  coat ings  has been sub jec t  o f  several  i n v e s t i g a t i o n s  
( r e f s .  7 t o  9 ) .  Also a concise bu t  complete rev iew o f  t h i s  work was pub l ished 
r e c e n t l y  by Tomaszewicz and Wallwork ( r e f .  10) .  There i s  agreement t h a t  t h e  
subs t ra te  composi t ion has a major e f f e c t  on t h e  coa t ing  behavior.  Many s tud ies  
( r e f s .  2 t o  4, 7 and 8) suggest t h a t  beneath t h e  e x t e r n a l  R-NIA1 l a y e r  an i n n e r  
l a y e r  i s  formed by outward d i f f u s i o n  o f  n i c k e l  and a l l o y i n g  elements f rom t h e  
subs t ra te  l a y e r .  Th is  i n n e r  d i f f u s i o n  zone cons is t s  o f  columnar g ra ins  o f  
e i t h e r  I3-NiA1 o r  y-Ni3A1 in te rd i spe rsed  by reg ions  r i c h  i n  the  tungsten, 
molybdenum, chromium and columbium e x i s t i n g  as i n t e r m e t a l l i c  compounds and 
carbides o f  these r e f r a c t o r y  metals.  However, the  fo rmat ion  o f  carbides i n  the  
base a l l o y  was found by Fleetwood ( r e f .  4 )  t o  be undes i rab le  because they o f t e n  
penet ra ted  the  coat ing ,  o f f e r i n g  an easy pa th  f o r  o x i d a t i o n .  
The exact mechanism o f  coa t ing  degradat ion remains a p o i n t  o f  con ten t i on .  
E a r l y  work seemed t o  suggest t h a t  d i f f u s i o n  o f  aluminum i n t o  a subs t ra te  a l l o y  
was respons ib le  f o r  t he  degradat ion.  Th is  p o i n t  o f  view i s  supported by t n e  
more recent  work of Smialek and Lowell ( r e f .  8 ) .  The o the r  p o i n t  o f  view i s  
( r e f .  5 )  t h a t  i n  t h e  case o f  alurnlnide coat ings  on n icke l -base supera l loys ,  t he  
continuous s p a l l i n g  and re fo rming  o f  t he  ox ide  sca le  a re  t h e  main reason f o r  
t h e i r  degradat ion.  I t  has been es tab l i shed by several  i n v e s t i g a t o r s  t h a t  coa t -  
i n g  degradat lan i s  a f u n c t i o n  o f  subs t ra te  composit!on ( r e f s .  1,3,4,0,9). I t  
has been suggested (ref. 6) that the refractory metal phases might act as a 
diffusion barrier reducing aluminum diffusion into the substrate and the out- 
ward diffusion o f  nickel or alloying elements into the coating, and thus 
decreasing coating degradation. 
(ref. 1) on the single and binary additions to pure nickel on the diffusional 
stability of NiAl coatings, the work in this area is rather limited. 
Except for the work of Talboom and Petrusha 
The study described herein is a part o f  the Conservation o f  Strategic 
Aerospace Materials (COSAM) program. Its objective has been to investigate the 
effect of Cr, Co, Al, Mo, and Ta contents in a typical Ni-base superalloy on 
the stability at an aluminide coating during cyclic oxidation In a Mach 0.3 
burner rig. The alloys had nominally fixed levels of Ti, W ,  Cb, Zr, C, and 6 .  
The alloy compositions were based on a full 25-fractional statistical design 
supplemented by 10 star point alloys and a center point alloy. 
central composite design of 43 alloys plus two additional alloys with extreme 
A1 levels was used by Barrett (ref. 1 1 )  to derive a complete second degree 
equation that described the effect of compositional changes on the cyclic 
oxidation behavior of these alloys. 
This full 
The aluminide coating was applied by the RT-21a process. Cyclic oxidation 
tests were performed in a Mach 0.3 burner rig for 150 and 300 1-hour cycles 
with a sample temperature of 1100 "C. Weight change of the specimens was 
determined by removing them periodically from the burner rig and weighing. 
After testing, the specimens were subjected to metallographic and x-ray dif- 
fraction analyses. 
MATERIALS AND EXPERIMENTAL PROCEDURES 
Preparation of the Specimens 
The basic levels of the five compositional variables are schematically 
designated as 0,1,2,3, and 4 where the 2 values are the center point o f  the 
design. Table I shows the actual weight percent (ut 36)  corresponding to the 
five levels. The basic composition of the prototype alloy was: Ni-balance, 
11-1.0 wt %, W - 2 . 0  wt %, Cb-1.0 wt %, Zr-0.10 wt %, 6-0.01 wt %, C-0.12 wt %. 
The five levels chosen for the five alloying elements represent their range in 
commercial alloys. Thus, the center point alloy designated as (22222) would 
be the basic cornposition with the five varied levels A1-4.75 wt X ,  Cr-12.0 wt %, 
Co-10.0 wt X ,  Mo-2.0 wt %, and Ta-4 wt %. Similarly the alloy coded (00113) 
has the basic composition with A1-3.25 ut X ,  Cr-6.0 ut 96, Co-5.0 wt %, 
Mo-1.0 wt %, and Ta-6.0 ut x .  
The master heats of the alloys were prepared by vacuum induction melting 
by Howmet Turbine Components Corporation of Dover, New Jersey as 3 in. diameter 
ingots, each wetghing approximately 40 lb. 
The master heat ingots were then used to make individual investment frame 
castings (vacuum induction melted) by Duradyne Technologies, Inc. of Mentor, 
Ohio. Included on each frame were 12 round coating bars: 12 tensile/stress 
aTrade name of Chromalloy American Corporation. 
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r u p t u r e  bars, 12 round burner r i g  bars, and 16 rec tangu la r  o x i d a t i o n  leaves. 
The burner  r i g  bars were 318 i n .  diameter and 4 i n .  long. Table I 1  l i s t s  t he  
a c t u a l  composit ions o f  each a l l o y .  I n  a l l  cases t h e  a c t u a l  composit ions were 
w i t h i n  10 percent o f  t he  t a r g e t  compositions. 
a p p l i e d  t o  a l l  specimens by t h e  RT-21 process. 
The a lumin ide coa t ing  was 
BURNER R I G  TESTING 
The Mach 0.3 burner r i g  used i n  these t e s t s  has been descr ibed i n  
re ference 12. E igh t  specimens were placed i n  a carousel  ho lder  which was 
r o t a t e d  a t  400 rpm i n  f r o n t  o f  t h e  burner nozzle.  
were evenly spaced on a 4.2 cm (approx. 1-3/8 i n . )  diameter c i r c l e .  I n  t h i s  
c y c l i c  o x i d a t i o n  t e s t ,  the specimens were heated f o r  1 h r  and then cooled w i t h  
a stream o f  compressed a i r  f o r  3 min. 
a i r  r a t i o  o f  about 0.05 us ing  j e t  A f u e l  and combustion a i r  preheated t o  260 O C  
(500 O F ) .  Test temperature was 1100t20 O C  (2012 O F )  as determined w i th  a c a l i -  
b ra ted  ( f o r  e m i s s i v i t y  and window absorpt ion) d isappear ing f i l a m e n t  o p t i c a l  
pyrometer when focus ing  on t h e  center o f  t h e  h o t  zone o f  t h e  specimens f a c i n g  
t h e  nozz le  o f  t h e  burner. 
The centers  o f  t he  specimens 
The burner r i g  was f i r e d  a t  a f u e l - t o -  
The back s ide  ( f a c i n g  away f r o m t h e  nozz le)  o f  the specimens was h o t t e r  
than t h e  f r o n t  face by 20 O C .  Only the c e n t r a l  p a r t  o f  t he  specimens was 
exposed t o  the  flame. A l l  a l l o y s  were tes ted  f o r  150 1-hr cyc les.  F i f t e e n  o f  
t h e  a l l o y s  were a l s o  tes ted  f o r  300 1-hr cyc les.  
was monitored p e r i o d i c a l l y  by removlng i t  f rom the holder  and weighing. 
e n t a t i o n  o f  each specimen w i t h  regard t o  t h e  nozz le was maintained. Thermo- 
g r a v i m e t r i c  data were recorded as t o t a l  weight change (bw) versus the  number 
o f  cyc les.  Weight change per u n i t  area (bw/A) was n o t  used because t h e  l o n g i -  
t u d i n a l  d i s t r i b u t i o n  o f  temperature on the  specimens was n o t  uni form. 
h e a v i l y  ox id i zed  reg ion  was the  c e n t r a l  p a r t  o f  t he  specimens w i t h  an area o f  
about 4 cm.2 Two specimens o f  each a l l o y  were tes ted  a t  t h e  same t ime and the 
average value o f  bw was used i n  the ana lys i s .  A f t e r  t e s t i n g ,  XRD p a t t e r n s  
were taken from the c y l i n d r i c a l  surface o f  t he  speclmens (one specimen per 
a l loy. )  i n  order t o  i d e n t i f y  t h e  phases present  on t h e  ox id i zed  surface. The 
same specimens were plasma sprayed with copper f o r  edge p r e s e r v a t i o n  and cross 
sect ioned through t h e  center  o f  t h e  ho t  zone f o r  me ta l l og raph ic  examination t o  
a s c e r t a i n  the o x i d a t i o n  damage and accompanying m i c r o s t r u c t u r a l  changes. 
The weight o f  each specimen 
O r i -  
The most 
RESULTS AND ANALYSIS 
Metal lography 
Meta l lographic  examination o f  the specimens i n  the  as-coated c o n d i t i o n  
revealed t h a t  t he  c o a t i n g  consis ted o f  two laye rs  ( f i g .  1 ) .  The ou te r  l aye r ,  
about 40 pm t h i c k ,  i s  a l a r g e  grained N i A l  ( 0 )  w i t h  Cr, Mo, and Co i n  s o l i d  
s o l u t i o n .  The inne r  l a y e r  contained MC, M23C6 o r  M6C carb ides and sigma phase 
i n  a columnar m a t r i x  o f  N i A l  t Ni3Al ( r e f .  3). The subs t ra te  was composed o f  
N i  s o l i d  s o l u t i o n  (y)  w i t h  very f i n e  p r e c i p i t a t e s  o f  NI3Al ( y ' ) .  During c y c l i c  
o x i d a t i o n  a l l  t h e  a l l o y s  showed an I n i t i a l  weight g a i n  ( t a b l e s  111 and I V )  b u t  
a f t e r  about 40 cyc les some a l l o y s  began t o  l ose  weight f a s t e r  than others.  
F igu re  2(a) i l l u s t r a t e s  t y p i c a l  changes t h a t  took p lace  d u r i n g  c y c l i c  o x i d a t j o n  
t e s t i n g  o f  the a l l o y s .  Here, i n  the case o f  A l l o y  16, a f t e r  150 cyc les,  t h e  
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columnar zone has disappeared and i t s  o r i g i n a l  l o c a t i o n  i s  marked by t h e  pre- 
sence o f  carb ide and sigma phase gra ins.  N i A 1  formed l a r g e  g r a i n s  separated 
f rom t h e  subst rate by a l a y e r  o f  Ni3Al.  
s t r a t e  became coarser and t h e  40 pm t h i c k  zone o f  t h e  subs t ra te  near t h e  o r i g -  
i n a l  subst rate-coat ing i n t e r f a c e  was depleted o f  Ni3Al .  The same a l l o y  
( f i g .  2 ( b ) )  when subjected t o  300 1-hr o x i d a t i o n  cyc les  underwent s i m i l a r  b u t  
more ex tens i ve  changes. 
p r e c i p i t a t e s  i n  t h e  subs t ra te  grew i n  s ize.  XRD analyses o f  t h e  ox ide scales 
( i n  s i t u )  revealed the  presence o f  Al2O3, N I A l ( S ) ,  N i 3 A l ( y i ) ,  N i  ss(y) and on 
severa l  occasions a aluminate s p i n e l  s t r u c t u r e  was detected. The N i  ss was 
formed on the  surface o f  t h e  coat ings as r e s u l t  o f  aluminum l o s s  f rom Ni3A1, 
which, i n  t u r n  was a l s o  t h e  product  o f  aluminum l o s s  f rom NiA1. 
r e l a t i o n s h i p s  can be drawn regard ing t h e  s t a b i l i t y  o f  t h e  a lumin ide c o a t i n g  as 
a f u n c t i o n  o f  a l l o y  composi t ion based on t h e  examinat ion o f  thermogravimetr ic 
data, meta l lographic  and XRD analyses and t h e r e f o r e  i t  i s  necessary t o  make 
use o f  a s t a t i s t i c a l  approach. 
The Ni3Al  p r e c i p i t a t e s  i n  t h e  sub- 
The amount o f  NIA1 was s i g n i f i c a n t l y  reduced and Ni3Al 
No simple 
REGRESSION ANALYSIS 
The ox id ized coated bars were separated i n t o  two groups f o r  purposes o f  
ana lys i s .  
second f o r  300 h r .  
a l l o y  i s  l i s t e d  i n  t a b l e  I V .  
each a l l o y .  
I n  the  f i r s t  group t h e  samples were tes ted  f o r  150 h r  and i n  the  
The weight change t ime data f o r  t he  150 h r  run f o r  each 
These values a r e  the  average o f  two samples f o r  
I n i t i a l l y ,  f o r  t he  150 h r  data s e t  t he  e n t i r e  t e s t  i n t e r v a l  o f  weight 
change/time data was f i t t e d  f o r  each a l l o y  t o  a p a r a l i n e a r  model equat ion (11) 
Where k l  i s  the pa rabo l i c  s c a l i n g  constant,  k2 i s  a l i n e a r  s p a l l i n g  
constant  and u i s  t h e  standard d e v i a t i o n  o f  t h e  Aw est imate.  The r e j e c t i o n  
1evel.was s e t  a t  0.90 ( i - e . ,  i f  e i t h e r  c o e f f i c i e n t  i s  not s i g n i f i c a n t  a t  t h i s  
l e v e l  i t  i s  dropped and the  regress ion equat ion i s  recomputed). 
Note here t h a t  t h i s  i s  no t  a s p e c i f i c  weight change equat ion s ince the  weight 
was n o t  d i v i d e d  by a sur face area. 
de f i ned  as 
This l ead  t o  a mod i f i ed  a t t a c k  parameter 
' = (k ; l2 t  10. k2 )  
Ka 
These equations have been discussed p r e v i o u s l y  i n  references 12 and 1 4  t o  16. 
2 The de r i ved  c o e f f i c i e n t s ,  kl 'I2 and k2, t h e  c o e f f i c i e n t  o f  determinat ion,  R 
and a values f o r  equat ion (1 )  a r e  l i s t e d  i n  t a b l e  V f o r  each a l l o y .  The 
KA est imates from equat ion ( 2 )  a r e  a l s o  l i s t e d .  
The data f i t t e d  f o r  each a l l o y  represents t h e  average o f  two samples 
(designated a and b) run  together  as r e p l i c a t e s  on the  eight-sample carousel .  
I n  general  t h e  weight changes tended t o  f o l l o w  i n  tandem 1.e. t he  i n d i v i d u a l  
sample curves had s i m i l a r  shapes, w i t h  t ime w i t h  one sample e i t h e r  l agg ing  o r  
leading. These average curves tended t o  be c l a s s i c a l l y  p a r a l i n e a r  i n  na tu re  
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( i . e . ,  they s t a r t  ou t  p a r a b o l i c  i n  nature, reach a gradual maximum and drop a t  
n e a r l y  a l i n e a r  r a t e ) .  This was t r u e  f o r  a l l  t he  a l l o y s  t e s t e d  except f o r  
a l l o y  6-42. Note t h a t  I t s  k2 c o e f f i c i e n t  was such as t o  make t h e  weight 
change curve more p o s i t i v e .  When i n  the KA c a l c u l a t i o n  the  absolute value 
o f  k2 i s  used i t  makes no d i f f e r e n c e  i n  t h i s  c a l c u l a t i o n  even though the 
weight  change curve i s  q u i t e  d i f f e r e n t  ( i . e . ,  n o t  p a r a l i n e a r ) .  
I n  s i x  cases the  f i t  was f a i r  t o  good w i t h  values between 80 t o  90 percent.  
However, two a l l o y s ,  6-41 and 6-31, had f i t s  t h a t  were r e l a t i v e l y  poor w i th  
values o f  38.8 and 49.5 percent  respec t i ve l y .  Figures 3 and 4 show t h e  i n d i -  
v i d u a l  sample weight change values for 6-41 and 6-31 along w i t h  t h e  p a r a l i n e a r  
curve f i t  vector  l i n e  a long w i t h  t h e  t l - a  e r r o r  l i n e s  f o r  t he  average o f  t he  
two samples as g iven i n  t a b l e  111. 
i n d i v i d u a l  samples 6-6 and 6-24 which represent  f i t s  i n  t h e  mid 80 percent R 2  
value range and those w i th  f i t s  o f  >90 percent ,  r e s p e c t i v e l y .  F igu re  7 shows 
t h e  samples G-42A and 6-428 along w i th  t h e  der ived average vector  l i n e .  Here 
as discussed above the k2 
I n  most cases t h e  f i t  was exce l l en t  w i t h  R2 values w e l l  over 90 percent.  
R2 
Compared w i t h  these a r e  f i g u r e s  5 and 6 f o r  
component makes t h e  curve more p o s i t i v e .  
The poor f i t  i n  f i g u r e  3 i s  due p r i m a r i l y  t o  the  divergence o f  t he  i n d i -  
v i d u a l  sample curves. I n  t h i s  case I t  i s  d i f f i c u l t  t o  decide which sample i s  
t r u l y  rep resen ta t i ve  o f  t h e  a l l o y .  f i g u r e  4 on the  o the r  hand shows the  
samples behaving s i m i l a r l y  b u t  w i t h  a h i g h  degree o f  s c a t t e r .  Figures 5 and 6 
a r e  more t y p i c a l  o f  t h e  general  body o f  data w i t h  the  samples moving together  
and the  s c a t t e r  decreasing. 
values range from a minimum value o f  0.1763 f o r  a l l o y  6-41 t o  a The KA 
maximurn va lue,of  10.706 f o r  a l l o y  6-1. 
t he  lowest Ka value t o  ca tas t roph ic  o x i d a t i o n  f o r  t h e  6-7 a l l o y .  For 
reasons above, however, t h e  low KA value f o r  6-41 i s  quest ionable due t o  
t he  i n d i v i d u a l  sample divergence. 
This represents v i r t u a l l y  no a t t a c k  a t  
Where poss ib le ,  th ickness change measurements were made on t h e  t e s t  
samples a t  the complet ion o f  t h e  150 h r  t e s t .  These values a r e  a l s o  l i s t e d  i n  
tab1e.V. They represent  t h e  t o t a l  diameter change i n  microns. I n  e a r l i e r  
s tud ies  the a t t a c k  parameter has c o r r e l a t e d  w e l l  w i t h  th ickness change measure- 
ments. Because i n  many 
ways a Ka 
thickness change ( r e f s .  13 and l?), the thickness change measurement i s  used 
more as a con f i rma t ion  o f  t he  Ka type a n a l y t i c a l  approach. 
T!is n e a r l y  l i n e a r  r e l a t i o n s h i p  I s  shown i n  f i g u r e  8. 
type parameter i s  a b e t t e r  measurement o f  c o r r o s i o n  a t t a c k  than 
Derived KA values were  f i t t e d  as  a f u n c t i o n  o f  a l l o y  chemistry accord- 
i n g  t o  the  f o l l o w i n g  secovd degree m u l t i p l e  l i n e a r  regress ion e s t i m a t i n g  
equat ion us ing the  l o g  Ka t ransformat ion ( r e f .  15) where the  elemental 
symbols stand f o r  weight percent  o f  each a l l o y  c o n s t i t u e n t :  
5 
l o g  K a l  = Ao + blAl t b2Cr t b3C0 + b4 Mo t b5Ta 
+ b6A12 + b7Cr2 + b8Co 2 +bgMo 2 +blOTa 2 
+ bllAl Cr + b12A1 Co + b13A1 Mo + b14A1 Ta 
+ b15Cr Co + b16Cr Mo + b17Cr Ta 
t b18Co Mo + blgCo Ta + b20Mo Ta -I o 
(3 )  
A vers ion  o f  equat ion (3 )  was a l s o  used which Inc luded l i n e a r  terms f o r  
t he  s l i g h t  degree o f  v a r i a b i l i t y  f o r  supposedly f i x e d  elements T i ,  Nb, W, Z r ,  
and C b u t  these terms were, as expected, n o t  s i g n i f i c a n t .  
Equat ion ( 3 ) ,  was analyzed by means o f  t h e  s t a t i s t i c a l  sof tware package 
M I N I T A B ,  re lease 81.1 on an I B M  370 main frame computer. I n  a d d i t i o n  a l l  t h e  
composi t ional  var iab les  were f i r s t  "centeredt1 by s u b t r a c t i n g  the  mean o f  t h e  
weight percent  o f  each composi t ional  v a r i a b l e  f rom each i n d i v i d u a l  composi- 
t i o n a l  va lue f o r  each sample. This  tends t o  min imize the  c o r r e l a t i o n  between 
l i n e a r  and higher order  terms sometimes lead ing  t o  b ias  i n  es t ima t ing  the  
c o e f f i c i e n t s  (17). 
The forward s e l e c t i o n  method was used w i t h  a r e j e c t i o n  F- va lue o f  2.88 
o r  a p r o b a b i l i t y  90 percent .  Th is  gave the  f o l l o w i n g  regress ion  equat ion 
l o g  KA = 0.27160 - 2.0005W - 0.04169Cr - 0.02112OCo - 0.006981a2 +- 0.2709 
w i t h  an R2 o f  38.8 percent .  However, a l l o y  6-41 gave a very h igh  standard- 
i zed  res idua l  o f  -4.25 u u n i t s  i n d i c a t i n g  a prybable o u t l i e r .  Because o f  the  
problems w i t h  t h i s  sample discussed above i t s  
e n t i r e  regress ion equat ion recomputed. 
equat ion : 
l o g  K a  
(4 )  
Ka was d iscarded and t h e  
This  gave t h e  f o l l o w i n g  es t ima t ing  
= 0.17654 - 0.026523Co - 0.04314Cr + 0.03873Ta2 - 0.08464Al 
- 0.07264Mo - 0.04884A12 + 0.01062Mo CO +- 0.1647 ( 5 )  
The R2 increased t o  74.0 percent .  For t h i s  da ta  se t  o f  43, on l y  th ree  
values were f lagged as poss ib le  o u t l i e r s  bu t  they a re  c lose  t o  be ing w i t h i n I a n  
acceptable t 2  a. F igu re  9 shows a p l o t  o f  the  p red ic ted  versus observed Ka 
values i n  terms of l o g  values. F igure  10 shows the  s tandard ized res idua ls  
versus the  l o g  Ka est imated values. The randomized na tu re  of t h e  da ta  
a re  another i n d i c a t i o n  o f  t h e  v a l i d i t y  o f  equat ion ( 5 ) .  F igu re  11 p l o t s  the  
converted a n t i l o g s  o f  values est imated by equat ion ( 5 )  versus the  observed 
KA 
l i n e  a long w i t h  the computed average d e v i a t i o n  values. 
t he  minimum pred ic ted  va lue i s  f o r  a l l o y  6-37. 
w i t h  an A1 l e v e l  h igher  than t h e  designed a l l o y s  has t h e  lowest  o v e r a l l  
p red i c ted  ox ida t i on  a t tack .  
values l i s t e d  i n  t a b l e  V I .  The d iagonal  l i n e  shows the  p e r f e c t  f i t  
Based on t h e  der ived  KA est imates f o r  t h e  standard 43 a l l o y  des ign 
However, spec ia l  a l l o y  6-45 
I t  i s  poss ib le  t o  use the  der ived  regress ion  equat ion and p r e d i c t  the  
lowest a t t a c k  ra te  over the  range of a l l o y  composi t ions.  This  was done f o r  
6 
three typical Cr levels which should be as high as possible for maximum pro- 
tection as indicated by the regression coefficients. The results are shown in 
table VI1 for three typical Co levels of 0, 5, and 10 percent and for Cr levels 
of 8, 12, and 16 percent. A detailed analysis of equation (5) at these 9 com- 
binations of Cr and Co levels shows the A1 level should be as high as possible- 
here 6.25 percent. The Ta level is optimum due to the Ta2 term at its mean 
value near 4 wt X .  The ideal Mo values are partly dependent on the Co com- 
position. At Co levels of 0, 5, and 10 wt X Co, a Mo level of 4 wt X gives 
the minimum KA values. 
An additional series of runs were made on selected samples for a total of 
300 hr. This data is listed i n  table IV with the values again listed for the 
average of two samples tested during the same run. In general this longer time 
data would be expected to fall within the error bars of the vector extended 
from 150 to 300 h r  unless breakaway had occurred (16). Breakaway is a sharp 
downward break in the aW/time curve associated with a less protective oxide 
becoming rate controlling. If breakaway takes place, the weight change values 
should drop well below the error bars of the predicted curve. Of the twenty- 
eight-300 hr runs, ten fell below the 1 u band at 300 hr, 15 were above, and 
3 were within. Of the 10 that fell below the error band, the question is 
whether the low estimates are due to scatter, breakaway or a combination of 
both. If it is breakaway then the original KA value is probably too low. 
X-ray diffraction results of the two sets of samples show no difference with 
time, NiO might have shown up in the spall, however. Figure 1 1  is typical of 
breakaway in a paralinear oxidation process when spalling becomes excessive. 
In summary the above results suggest that for this series of Ni-base. y/y' 
superalloys that the best cyclic oxidation burner rig resistance conferred by 
an aluminide coating is associated with the highest levels of Cr and Al. Ta is 
optimum at 4 wt X .  The Mo content is related to the Co level. At typical Co 
compositions of 0 to 10 percent Co a 4 wt X Mo level is optimal. It was sug- 
gested (ref. 6) that certain elements including Ta, Cr, and Mo tend to inhibit 
the diffusion of Ni into the NiAl or more likely the back diffusion of A1 from 
the NiAl into the alloy. This enables the NiAl coating to confer a high degree 
of cyclic oxidation resistance with the low scaling rates associated with 
A1203 formation along with low oxide spalling rates. 
CONCLUDING REMARKS 
8-NIA1 coatings on a series of Ni-base y/y' superalloys with 45 system- 
atic variations In the substrate alloy of Cr, Co, Al, Mo, and Ta were tested 
in cyclic oxidation at 1100 "C in a Mach 0.3 burner rig. In tests of 150 to 
300 hr the best of the alloys exhiblted the same type of paralinear oxidation . 
behavior as plain B-NIA1 with both low scaling and spalling rates associated 
with A1203 formation. An oxidation attack parameter derived from the sample 
weight change/time data was used to determine the effect of the 5 alloy ele- 
ments by regression analysis. The results indicate the Cr and A1 should be as 
high 5s possible. The Ta level is optimum at a midrange Of 4 percent. The Co 
and Mo interact but if typical Co levels of 0 to 10 percent are fixed the high- 
est Mo level tested of 4 percent is the most beneficial. 
1 
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TABLE I. - ALLOY CODE LEVELS CONVERTED 
TO TARGET COMPOSITIONS FOR 
PROTOTYPE ALLOY 
[Ni -balance,  T i - 1 . 0  w t  36, 
W-2.0 Ut X ,  
C-0.12 W t  X .  (6-1 to 6-43 ) ] .  
Cb-1 . O  Ut %, 
Zr-0 .10  w t  X, B-0.01 ut %, 
I A l l o y  code/wt x I 
TABLE 11. - INGOT CHEMISTRY FOR PROTOTYPE Ni-BASE 
TEST ALLOYS WITH VARYING A l ,  C r ,  Co, Mo 
















1 5  
1 6  
1 7  


















































































































































































































aF lxed  elements:  T i  range 0.92 t o  1.09 ut 







































W range 1.88 t o  2.16 w t  % 
Cb range 0.90 t o  1 = 0 6  ut % 
Z r  range 0.05 t o  0.11 ut % 
C range 0.08 t o  0.12 ut % 
B a l l  0.01 ut % 
bLos t  i n  r e m e l t i n g  f o r  t e s t  samples. 
4 . 8 8  
4.59 
4.85 





12 .13  
11.87 
12 .09  
TABLE 11. - Concluded 
0.0 1 . 9 3  
20.11 2.01 
9 . 0 0  1 .94  
9 .91  1 . 9 2  
10 .26  2 . 2 0  
1 0 . 1 0  2 .06  
9 .89  1 . 9 8  
10 .23  2 . 0 9  
I I I 
4 . 2 3  
4 . 0 0  
0 .0  
7 . 9 4  
4 .22  
3 . 7 4  





67 .80  
59.35 
62 .99  
61 .51  
65.51 
60 .14  
T A B L E  111. - THERMOGRAVIMETRIC DATA FOR A L U M I N I O E O  COATED N I - B A S E  y/y' 
ALLOYS T E S T E 0  A T  1100 "C I N  A MACH 0 . 3  BURNER R I G  
FOR 150 ONE-HOUR CYCLES 
[Average o f  t w l n  samples t e s t e d  i n  same run.]  
Alloy G 










1 0  
11 
1 2  
1 3  
1 4  
1 5  
1 6  
17 






























1 .4(10)  
1 .5(10)  
1 .2(10)  
2.0(10) 
2 .0(10)  
1 .6(10)  
.8(10)  
1 .8(  10)  
4.0(10) 
2.5( 1 0)  
3 .8(10)  
2 .3(10)  
2.3(10) 
2 .0(10)  
3 .2(10)  
2 .9(10)  
2.1 (1  0 )  
1 .9(10)  
4 .4(10)  
5.3( 10)  
3.3( 10)  
3 .2(10)  
4 .4(10)  
3 .1(10)  
2.9( 10)  
3 .2(10)  
2 .8(10)  
.8 (10)  
1 .3(10)  
2.0( 10)  
1 .2(10)  
.7(10)  
.9(10)  
.5( 10)  




- - - - - - - 
1.3(10)  
3.1 ( 1  0 )  
4.1 (1  0 )  
1 .4(10)  
2.3(20) 
1 . 7 (  20) 
.6(  20) 
1 .3(  20) 
2 .1(20)  
2 .0(20)  
3 .2(20)  
2 .7(20)  
. 7  ( 20) 
1 . 8 (  20) 
4 .9(20)  
3 .2(20)  
4 .7(20)  
1 . 9 (  20) 
2 .0(20)  
2 .2(20)  
2.1 (20)  
2 .2(20)  
3 .5(20)  
3.1 (20)  
5 .7(20)  
6 .5(  20) 
2 .8(20)  
3 .4(20)  
4 .6(20)  
2 .7(20)  
3 .0(20)  
3 .2(20)  
3 .3(20)  
1 .5(20)  
1 .4(20)  
1 .8(20)  
.7 ( 20) 
1 .5(20)  
1 .2(20)  
2.1 (20)  
- - - - - - - 
1.9(  20) 
1 .5(20)  




.? (20)  
2 .2(20)  
AW, mgs (Number o f  c y c l e s )  
O.O( 40) 





2 .9(  40) 
-1 .3(  40) 
1 . 2 (  40) 
5.1 (40) 
3 .6(  40) 
4.8( 40) 
1 . 2 (  40) 
3 .0(40)  
4.1 (40) 
3 . O (  40) 
3 .4(40)  
2 .8(  40) 
2 .5(  40) 
4 .6(40)  
5.9(40) 
3 .2(40)  
3 .7(  40) 
5 .0(40)  
2 .3(  40) 
3 .9(  40) 
2.9( 40) 
3 .4(  40) 
3 . 9 (  40) 
1 .5( 40) 
1 .5( 40) 
3 .0(  40) 
- .8( 40) 
2.1 (40) 
2 .2(  40) 
.8( 40) 
1 .9(40)  
-3 .4(40)  
.2( 40) 




- - - - - - - - 
- .8(40)  
-5.0( 60) 
-1 .8( 60) 
-5 .0(60)  
O(60) 
-2.3( 60)  
-. 8( 60)  
4.2(60)  
3 .5(  60) 
-2.3( 60) 
1 .6(  60) 
5.3( 70) 
4 .9(70)  
4 .5(70)  
.6 (  70)  
4 .5(70)  
1 .4(  70) 
2 .2(70)  
2.2(60) 
1 .6(60)  
3 .4(60)  
5 .2(60)  
3 .7(60)  
4 .4(60)  
4 .7(60)  
1 .6 (  60)  
3 .8(  60)  
2 .8(60)  
2 .0(60)  
4 .2(60)  
2 .1(60)  
3 .7(60)  
-3.1 (60)  
2 .9(60)  
3 .4(60)  
-0 .6(  60) 
2.1 (60)  
-7.3( 60) 
. l  ( 60) 
19 .9(  60) 
1 .9(  60) 
-1 .h!hO) 
2.3(60)  
0 (70)  
- - - - - - - - 
- - - - - - - - 
-1 2.6( 100)  
-3.6( 100) 
-2.4(100) 
-7.3( 100)  
4.7( 100) 
4.3( 100)  
-1.7(110) 
5.0( 91 ) 
4.8(91)  
3 .5(91)  
-9.1 (100)  
-. 8( 100)  
-8.1 (1  10)  
-. 7( 91 ) 
-4.9( 11 0 )  
4.3( 110) 
-1.3(110) 
- .4(  110) 
2.5( ;OO) 
3.6(  100) 
4.4( 100) 
6 .9(  1 00) 
4 . O (  100) 
6 .1(100)  
3 .3(  100) 
-. 7( 100) 
2.0( 100)  
3.5( 100)  
-2.8( 100)  
4.3( 100) 
.3( 100) 
3 .4(  100)  
-6.5( 100)  
2.8( 100) 
3.8( 100)  
-2.8( 100)  
2 .8(  100)  
-13.5( 100)  
.4 (  100) 
30.7( 100) 





-59.0( 150)  
-9.8( 150)  
-19.3( 150) 
-1 3 . O (  150) 
-17.2( 150) 
-3.9( 150) 
1 .9(150)  
2.8( 150) 
-1 4.6( 150) 
-4.1 (1  50) 
.5( 150)  
4 .4(  150) 
-1 .8( 150) 
-5.2( 150)  
-1 3 .4(  150) 
4.0( 150) 
-4.7( 150) 
-4 .7(150)  
-1.8(150) 
2.5( 150) 




-2.1 (1  50) 
-6.6( 150) 
-1.1 (1  50) 
3.3( 150)  
-6.9( 150)  
3.5(150) 
-. 2( 150) 
.9(150)  
- .2( 150) 
-1 5.7( 150) 
1 .3(150)  
3.0( 150)  
3.1 (1  50) 
-31.8(150) 
-.7( 150) 
38.7( 150)  
3.5( 150) 
-5  ?(  150) 
3.4(  150)  
__-_---___ 
-11.7(150) 
TABLE I V .  - THERMOGRAVIHETRIC DATA FOR ALUMINIDED COATED NI-EASE y/y' 
ALLOYS TESTED AT 1100 "C I N  A MACH 0.3 BURNER R I G  
FOR 300 ONE-HOUR CYCLES 
[Average o f  t w l n  samples t e s t e d  i n  same r u n . ]  
A l l o y  G 











1 5  





















4.1 (20)  
4.1(20) 
2.5(20) 













3 .0(20)  
2.8(20) 
-2.2( 40) 
-. 1 (40 )  
1 .8( 40) 
3.8(40) 
















0 (40 )  
- - - - - - - - 
- - - - - - - - 
- - - - - - - - 
4.2( 60) 
AW, mgs (Number o f  c y c l e s )  
-6.6( 100) 
-2.3( 100) 
-1.9( eo)  
1.7(80) 
2.2( 100) 
-. 4( 100) 
-1 .5 (  100) 
4.4( 120) 
l . l ( l O 0 )  
2.8( 100) 
.9(100) 
4.9( 1 00) 
3.4(80) 










1 .3(80)  
4.1(80) 
-1 2 .O( 140)  






-5.2( 160)  
1.3(150) 
-4.3( 160) 
4 .E(  160) 
2.4( 140)  
4.3( 140)  
1 .4(140)  
3.7( 140) 
5.0( 140) 
4 .O( 140) 
-41 .4( 140) 







-21 .3( 200) 
-1 2.1 (200)  
-1 1.9( 200) 
-1.6( 200) 
-7. 8( 200) 









-. 9( 203) 
-1 5.5( 200) 
2.4( 203) 
4.4( 203) 





3. 8( 200) 
1 . O (  200) 
~ 
-34.4( 300) 
-1 7.2( 300) 
-1 6.0( 300) 





-1 8.3( 300) 
-3.1 ( 300) 
-22.9( 300) 
1 .2( 300) 
-4.0( 300) 
.9( 300) 




-26.1 (300)  
4.0( 300) 
-82.5( 300) 
-3. E( 300) 
2.6( 300) 
-1 1 .5(  300) 
1 .2( 300) 
TABLE V .  - C Y C L I C  OXIDATION CONSTANTS 
150 
t 
A l l o y  G 














1 4  
15 

















































































































































































































































































































_ - _  
300 h r a  
t e s t  d a t a  
"Extrapolate 150 h r  v e c t o r  t o  300 hr. 
A AW i s  above e r r o r  band. 
8 AW ?s below e r r o r  b z ~ d .  
E AW I s  w l t h l n  e r r o r  band. 
- Not  t e s t e d .  
I 
TABLE V I .  - OBSERVED AND DERIVED Ka VALVES FOR 
ALUMINIDE COATED SERIES OF NI -BASE y/yl 
SUPERALLOYS TESTED I N  A MACH 0.3 
BURNER R I G  AT 1100 O C  FOR 150 HR 















1 5  
16  























A l l o y  f a c t o r  l e v e l s  - 
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~ ~~~ ~~~ ~~ ~ 
[SamplJ A l l o y  F a c t o r  Leve ls  I Observed 1 Es t imateda I 
Ka Ka 
A 1  C r  Co Mo Ta 
2 2 2 2 0  5.4540 6.6481 
0 2 2 2  2 2 -9279 1.5019 




4 2 2 2 2  .7117 .9105 
- 1 2  2 2 2 .a094 1.3627 




- -1424  
- .1686 
- .1948 
- .3149  
- .3411  
-. 3674 
-003979 
TABLE V I I .  - OPTIMUM LEVELS OF A l ,  Mo AND 
LEVELS OF C r  AND Co COMPUTED FROM THE 
REGRESSION EQUATION 
I 
Ta FOR MINIMUM K, ESTIMATES AT SELECTED 









1 6  
1 6  
16  










Log KA IKA-est .  
.- 
NIAI, * , ..I?. ' 
( A )  ALLOY 41. 
(B) ALLOY 43. 
FIGURE 1. - TYPICAL MICROSTRUCTURE OF ALLOYS COATED W I T H  ALUMINIDE 
BY RT-21 PROCESS. 
( B )  300 CYCLES. 
FIGURE 2. - TYPICAL MICROSTRUCTURE OF ALUMINIDE COATED ALLOY 16 AFTER 
150 AND 300 1-HOUR O X I D A T I O N  CYCLES AT 1100 "c I N  A MACH 0.3 BURNER 
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FIGURE 3. - INDIVIDUAL REPLICATE COATED TEST BAR DATA 
FOR ALLOY 6-41 AND REGRESSION CURVE F I T  OF THE AVER- 
AGE WEIGHT CHANGE DATA WITH TIME. UPPER AND LOWER 
CURVES INDICATE +1 - 0  L I M I T S .  R2 = 38.8%. 
' .  
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40 80 120 160 -1 ' 0 
FIGURE 4. - INDIVIDUAL REPLICATE COATED TEST BAR DATA 
FOR ALLOY 6-31 AND REGRESSION CURVE F I T  OF THE AVER- 
AGE WEIGHT CHANGE DATA WITH TIME. UPPER AND LOWER 
CURVES INDICATE 21 - 0  L I M I T S .  R2 = 49.5%. 
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FIGURE 5 .  - I N D I V I D U A L  REPLICATE COATED TEST BAR DATA 
FOR ALLOY 6-6 AND REGRESSION CURVE F I T  OF THE AVER- 
AGE WEIGHT CHANGE DATA WITH TIME.  UPPER AND LOWER 
CURVES INDICATE +I - 0  LIMITS. R' = 82.6%. 
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FIGURE 6. - I N D I V I D U A L  REPLICATE COATED TEST BAR DATA 
FOR ALLOY 6-24 AND REGRESSION CURVE FIT OF THE AVER- 
AGE WEIGHT CHANGE DATA WITH TIME,  UPPER AND LOWER 
CURVES INDICATE f 1  - 0  L I M I T S ,  R2 = 99%. 
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FIGURE 7. - INDIVIDUAL REPLICATE COATED TEST BAR DATA 
FOR ALLOY 6-42 AND REGRESSION CURVE FIT OF THE AVER- 
AGE WEIGHT CHANGE DATA WITH TIME.  
CURVES INDICATE fl - U  L I M I T S .  
UPPER AND LOWER 
R2 = 99.8%. 
2o r 
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MEASURED THICKNESS CHANGE, V M  
FIGURE 8. - RELATIONSHIP OF KA' VALUES DERIVED FROM 
WEIGHT CHANGE K I N E T I C  DATA,FOR 150 HOUR TESTS AND 
MEASURED THICKNESS CHANGE. REGRESSION F I T :  
LOG KA'  = -2.2650 + 1.1728 LOG AT * 0.2644. 
R2 = 38.4%. 
w 
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LOG KA'  VALUES FROM OBSERVED DATA 
FIGURE 9. - DERIVED KA' VALUES FROM REGRESSION F I T  OF 
EQUATION (3 )  VERSUS OBSERVED KA' VALUES, DIAGONAL 
SOLID L I N E  DEFINES PERFECT F I T .  UPPER AND LOWER 
DASHED LINES REPRESENT t1-AVERAGE DEVIATION. 
0 45 TEST VALUES I DARK SYMBOLS INDICATE POSSIBLE OUTLIERS >f2 - U 
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FIGURE 11. - COMPARISON 150 HOUR TEST DATA FOR ALLOY 6-10 
AND I T S  REGRESSION F I T  EXTRAPOLATION TO 300 HOURS WITH 
I T S  fl - U  DEVIATION CURVES COMPARED WITH ACTUAL 300 
HOUR DATA FOR THE SAME ALLOY SHOWING APPARENT BREAKAWAY. 
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